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ABSTRACT The purpose of using electroencephalogram to explore the dynamic changes of brain func-
tional connectivity during natural grasping tasks is to uncover the underlying mechanisms of information
transmission between different brain regions during cognitive processing. This exploration aims to provide
new insights for the development of brain-computer interface technology and contribute to the diagnosis
and treatment of brain disorders. In this study, we used time-frequency cross mutual information to evaluate
the brain functional connectivity during 3-class natural grasping tasks (palmar grasp, lateral grasp and rest
state). Specifically, our analysis focused on the functional brain connectivity generated by the amplitude
and phase of electroencephalogram signals within the alpha (8-13 Hz) and beta (20-30 Hz) frequency
bands. To assess the differences in global coupling strength, we employed two-series correlation coefficients,
between different motor periods and between different brain regions for the three motor tasks. Furthermore,
it was compared that the differences in the global coupling strength between different motor periods in the
same motor task. Finally, the analysis of topologic characteristics in brain functional connectivity networks
between the three tasks was investigated. The findings of our study indicate that functional reorganization
of frontal region closely related to external visual stimuli occurs during the motor preparation period. The
onset of movement leads to a lateralized reorganization of brain functional connectivity, which is associated
with the right or left of the executive hand. Both the central and parietal regions contribute prominently to
motor execution, and the parietal region in particular plays an important role in the execution of fine motor
movements. Further analysis revealed that it is the brain’s dynamic regulation of functional connectivity
across frequency bands, amplitudes and phases, enabling it to perform multiple tasks with limited energy
resources.

INDEX TERMS Brain functional connections, electroencephalography, time-frequency cross mutual infor-
mation, natural grasping task.

I. INTRODUCTION grate information, leading to effective cognitive process-

The brain is a highly complex system that can be divided
into several brain regions with different functions. Well-
established functional connectivity patterns between brain
regions enable the brain to efficiently differentiate and inte-
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ing [1]. Consequently, investigating the functional connec-
tivity relationships between these brain regions can offer
valuable insights into how information is transmitted within
the brain complex network. It also unveils the cognitive mech-
anisms underlying the brain, and provides new perspectives
and tools for the diagnosis and treatment of neurological
diseases.
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Currently, there are three commonly used signals
to investigate functional brain network connectivity:
Magneto-Encephalo-Gram (MEG), functional Magnetic
Resonance Imaging (fMRI), and Electro-Encephalo-Gram
(EEG) [2], [3], [4], [5], [6]. MEG is characterized by a
high temporal resolution, enabling precise tracking of brain
activity. But it is more susceptible to magnetic field inter-
ference [7], [8]. With a low temporal resolution, fMRI can
only reflect blood flow changes over several seconds to
tens of seconds. And it cannot directly measure neuronal
activity [9], [10], [11], [12]. Additionally, due to equipment
limitations, MEG and fMRI need to be measured in a specific
environment and are more demanding for subjects. Con-
sequently, they may not fully reflect the functional brain
connectivity during daily life. In contrast, high temporal
resolution of EEG can capture changes in EEG activity at
the millisecond level, which can quickly reflect the dynamic
processes of the brain [13], [14], [15], [16], [17], [18]. More-
over, EEG instruments are relatively affordable and portable,
facilitating measurements in laboratories, hospitals, or even
at home, providing a more naturalistic assessment of dynamic
brain processes.

For the same signal, there are differences in the brain
functional connectivity generated by different research meth-
ods. Correlation coefficient can be used to measure the
linear correlation between signals in a simple way, but
it falls short in evaluating their nonlinear characteristics.
Coherence reflects the linear correlation across different fre-
quencies, except that it cannot capture the nonlinear char-
acteristics and time-domain correlation variation between
signals [19], [20], [21]. While Phase-Locked-Value (PLV)
can assess the stability of phase difference between sig-
nals, it lacks sensitivity to signal amplitude, thus unable
to indicate amplitude coupling between signals [22]. The
Granger-Causality (GC) employs a time series model to
gauge causal relationships between signals, with the assump-
tion that the signals adhere to a Gaussian distribution. And it
is sensitive to parameter selection and ignores the frequency
domain characteristics [23]. Transfer-Entropy (TE) can iden-
tify non-linear causal relationships between signals, which
cannot account for the time-frequency information of signals,
but can be computationally complex [24], [25], [26], [27].
In contrast, the Time-Frequency-Cross-Mutual-Information
(TFCMI) addresses the limitations of the aforementioned
approaches. TFCMI leverages the time-frequency domain
characteristics of signals and considers both signal amplitude
and phase information. By evaluating both linear and nonlin-
ear correlations between signals, TFCMI facilitates a more
accurate and comprehensive construction of brain functional
connectivity [28], [30].

The objective of this study was to explore the dynamic
reorganization mechanism of brain functional connectivity
during grasping tasks. To decode the process of dynamic
change in brain functional connectivity during motor activ-
ity, we used the TFCMI to determine the coupling strength
between different brain regions across various motor periods
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of grasp. These coupling strengths were then compared with
the default connectivity pattern observed during the rest state.
To evaluate the disparity in coupling strength between brain
functional connectivity during different grasp tasks and the
default connectivity pattern at rest, a two-series correlation
coefficient was utilized. Furthermore, the variability of cou-
pling strength across different motor periods during the task
was also assessed. Ultimately, the brain functional connectiv-
ity networks, which were generated by signal amplitude and
phase information, were visualized for the different motor
periods.

Il. METHOD

A. PRINCIPLE OF TFCMI

TFCMI is an information-theoretic-based research method
that does not rely on the assumption of a specific probability
distribution for the signals [29], [30], [31], [32]. By using it to
analyze the brain functional connectivity, it allows for a more
precise assessment of the dynamic functional connectivity
processes between different brain regions. Moreover, TFCMI
has the capability to capture connectivity patterns that may
be challenging to detect using traditional methods, provid-
ing a more comprehensive explanation of the reorganization
process within the brain functional connectivity during motor
tasks.

Morlet wavelet is a wavelet function known for its excep-
tional time-frequency localization properties. Using it to ana-
lyze EEG, the time-frequency band information of EEG can
be well extracted, enabling a thorough understanding of the
transient changes occurring in the brain during motion [33].
Furthermore, Morlet wavelet can directly extract the ampli-
tude and phase information of EEG, thus providing a more
comprehensive view of the synchronization between different
brain regions during motion. Mutual information, on the other
hand, is an information-theoretic metric used to quantify
the extent of nonlinear dependence between signals. It does
not rely on assumption about the probability distribution of
signals and is particularly adept at capturing the complex
dynamics features of signals. Consequently, applying it to
EEG can yield a more accurate depiction of the informa-
tion flow processes between different brain regions during
movement. The principle underlying TFCMI involves first
obtaining the amplitude and phase information of signal
through wavelet transform. Subsequently, mutual informa-
tion is employed to assess the potential dependencies between
signals within a specific frequency band. By combining these
techniques, TFCMI allows for a more precise investigation
of the information flow dynamics between different brain
regions during motion.

Let x; (t) denote the data from the ith channel at time instant
t. The corresponding Morlet wavelet transformation is given
by

Wy (t,f) = /Xi A) -r g (1 — 1)d A
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where W,, (¢, f) represents the amplitude or phase informa-
tion in frequency f of the ith channel at time instant t.
The Morlet wavelets are

(=12

drp (M) = ((7\/5)71/2 p2tf Gty 207

where their time spread is defined by o = %. o1y (1) are
the complex conjugates of ¢, ¢ (A).

Denote the averaged amplitude or phase at the ith channel
by a random variable F;, and its probability density function
(pdf) by P (F i)b). Similarly, the joint pdf between the ith
and jth EEG channels were computed as P (F ib, F N,).The
TFCMI between two random variables F; and F; was then
calculated as follows:

n P(F,'b,Fjb)
TFCMI (Fi, Fj) = 2 P (Fip, Fjp) In o~
( is j) ; ( i,bs j!b) nP(Fi‘b)P(Fj,b)

where b represents the index of sampling bins used to con-
struct the approximated pdf. It is crucial to estimate the
pdf and joint pdf from the data histogram to calculate the
mutual information [34]. When performing EEG analysis,
40 to 60 bins were used to construct the histograms.

The TFCMI matrix is reciprocal in nature with its elements
indicating the strength of mutual coupling between EEG
electrodes. To facilitate a clearer observation of the interde-
pendence between channels, the matrix is normalized using
the diagonal values. According to the distribution of elec-
trodes in brain regions, the cumulative coupling strength of
all electrodes in the same brain region was averaged, to gain
insights into the information transfer processes between brain
regions during motor tasks. The resulting averaged values
represent the mutual coupling strength between these brain
regions, offering a valuable insight into the information flow
between them during motor tasks. Furthermore, by averaging
the cumulative coupling strength of all electrodes, the global
coupling strength of the brain can be obtained, which shows
the dynamic reorganization process of the brain during motor
activities.

B. EVALUATION INDICATORS

1) COUPLING STRENGTH DIFFERENCES

The two-series correlation coefficient is a statistical metric
employed to quantify the variability between variables [35].
The larger the value, the greater the coupling difference
between the variables. Applying this metric to analyze the
results of TFCMLI, it becomes feasible to quantify the variabil-
ity of coupling strength of functional connectivity between
brain regions in different motor periods. It is also advisable
to assess the coupling strength variability between the motor
tasks and the default connectivity patterns in the rest state.
This comparative analysis provides a better understanding
of the information exchange process between brain regions
during motor activity. The two-series correlation coefficient
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is defined as follows:

Xy (i,))
_ Nsi Ng
~ Nsi + N2
mean (TFCMIs1 1 (i, j)) — mean (TFCMl2 ,, (i, )
' std (TFCMI1 1, (i, j) U TFCMI . (i, )

where, i = 1,2,..., 10 represents different brain regions,
Jj = 1,2,...13 denote different target regions. The terms
S1 or §2 represent one of the palmar grasp, lateral grasp and
rest state when measuring the difference between different
grasp activities. While they indicate one of the movement
preparation, movement onset, grasp onset, grasp holding on,
and movement end, respectively, when evaluating the differ-
ence between different period of the same grasp task. m =
1,2,...,Ns1andn =1, 2, ..., Ng, represent the number of
trials for the two different states, S1 and S2, respectively.

2) BRAIN FUNCTIONAL CONNECTIVITY NETWORK

The brain functional connectivity network is established
based on the hypothesis that brain regions with similar func-
tions exhibit synchronized signal changes over time while
performing tasks, reflecting the functional connectivity. This
network provides insights into the reorganization process of
the brain during higher cognitive functions. Typically, brain
functional connectivity networks are usually mapped accord-
ing to the degree of coupling of signals between brain regions.
The elements of the TFCMI matrix represent the connection
weights between brain regions, also known as the adjacency
matrix. To complete the mapping of brain functional connec-
tivity networks, either the upper triangular or lower triangular
matrix is used, taking into account reciprocity. Moreover,
to eliminate the occurrence of self-connections, all diagonal
elements are set to zero. A specific threshold is selected,
and the weights in the adjacency matrix that fall below this
threshold are set to zero, yielding the weight matrix for
the functional connectivity network between brain regions is
obtained [36], [37]. In this study, a 60% proportion thresh-
old was utilized to preserve network connections, allowing
for the observation of distinctions among different states.
Subsequently, the weight matrix is employed to visualize
the functional connectivity network. During the visualization
process, thicker connection lines and more pronounced colors
are used to represent higher weights. In addition, Moreover,
the diameter and color of a node in the network correspond
to the complexity of its connection relationships with other
nodes. The coupling relationships and network connections
between brain regions tend to remain relatively stable state
during the rest state, which is referred to as the Default-Mode-
Network (DMN) [38], [39].

Ill. DATA AND PRE-PROCESSING

The data supporting the findings of this study was
obtained from Institute of Neural Engineering, Graz Uni-
versity of Technology [40]. During the experiment, subjects
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FIGURE 1. Experimental paradigm for grasp tasks.
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FIGURE 2. Distribution of EEG electrodes.
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FIGURE 3. Time statistics of each period in the experimental paradigm.

autonomously grasped objects, empty cans (palmar grasp) or
cans containing spoons (lateral grasp), which were equidis-
tant from them (see Figure 1). It was required that the
subjects focused their gaze on the grasped object for 1 to
2 seconds before initiating the grasping activity. They were
also instructed to maintain the grasping behavior for 1 to
2 seconds after completing the grasp. Three types of EEG
signals were recorded during this experiment: palmar grasp,
lateral grasp and rest state. The data was collected from
a group of 15 healthy subjects, all of whom were right-
handed. For each subject, 58 channels of EEG signals and
6 channels of Electro-Oculo-Gram (EOG) signals (inferior
and superior orbits of the left and right eyes, as well as the
external eye corners) were acquired. The data were sampled
at a frequency of 256 Hz with the right earlobe used as the ref-
erence electrode and the electrode AFz serving as the ground.
The electrode distribution for the 58 channels is depicted in
Figure 2.
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TABLE 1. Distribution of electrodes in each brain region.

Cortical location Channels

Left-Frontal (LF) F3. FFC3h

Middle-Frontal (MF) Fl. FZ. F2. FFClh. FFC2h
Right-Frontal (RF) F4. FFC4h

FCS5. FC3. FCCSh. FCC3h. C5
. C3. CCPSh. CCP3h. CP5.
CP3

FC1. FCz. FC2. FCClh. FCC2h
. Cl. Cz. C2. CCPlh. CCP2h.
CP1. CPz. CP2

FC4. FC6. FCC4h. FCC6h. C4
. C6. CCP4h. CCP6h. CP4.
CP6

CPPsh. CPP3h. P5. P3

CPPlh. CPP2h. Pz. P1. P2
CPP4h. CPPGh. P4. P6

PPOlh. PPO2h. POz

Left-Central (LC)

Middle-Central (MC)

Right-Central (RC)

Left-Parietal (LP)
Middle-Parietal (MP)
Right-Parietal (RP)
Occipital (O)

There was no strict time restriction on the movement
duration for each period during the experiment, as the sub-
jects were required to autonomously perform the grasp tasks,
resulting in variations in execution time among individuals.
In this study, statistical analysis of the movement duration
was performed for each period of each trail, as illustrated in
Figure 3. According to the statistical results, a study window
of [—2 5] seconds relative to the movement onset was selected
for further analysis. For the rest data, a window of 7 seconds
with an interval of 0.5 s was used. In total, 1017 valid trials
were extracted from the 15 subjects.

To observe the dynamic processes within each brain region
during the grasp task, it is not ideal to have an excessive
number of functional connections. Therefore, in this study,
the 58-channel EEG electrodes were divided into 10 brain
regions, as outlined in Table 1. Moreover, in order to gain
a better understanding of the dynamic changes in brain
functional connectivity throughout the entire grasp task, par-
ticularly the subtle changes during the transition between
actions, the study window was further divided into 13 seg-
ments with a data overlap of 0.5 seconds, as depicted in
Figure 4. As a result, the final data matrix obtained for anal-
ysis is 10%13*256*1017*3, representing the 10 brain regions,
13 segments, 256 sampling points, 1017 trials, and 3 states of
palmar grasp, lateral grasp, and rest state.
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EEG are weak signals which are easily susceptible to
various forms of interference, such as baseline drift, breath
interference, and electrooculographic artifacts. Therefore,
it is necessary to preprocess the acquired signals to obtain
as clean data as possible. In this study, a 4th-order Butter-
worth bandpass filter with a passband range of 0.3 to 40 Hz
was applied to the raw EEG. Additionally, the reference
was transformed into an average reference to mitigate the
lateralization bias effect. To reduce the interference of the
EOG, independent components that are highly correlated
with the EOG were identified and filtered out Utilizing the
fast independent component analysis algorithm based on
negative entropy maximization [41]. Furthermore, Laplace
spatial filtering was employed to address the issue of volume
conduction effects, which could potentially confound the
interpretation of functional connectivity and obscure the true
connectivity between brain regions [42]. This spatial filtering
technique helps to restore the genuine connectivity patterns
while also emphasizing local information from the channels
of interest and reducing the influence of shared noise within
each channel.

IV. RESULTS

This paper investigates the brain functional connectivity,
generated by the amplitude and phase, between different
brain regions using TFCMI analysis in two frequency bands:
8-13 Hz and 20-30 Hz. The coupling differences between
palmar grasp, lateral grasp, and the rest state were assessed
in various motor periods and in different brain regions using
the two-series correlation coefficients. Moreover, it also com-
pared the global coupling strength differences between differ-
ent motor periods in the same motor task. Eventually the brain
functional connectivity network generated by amplitude and
phase was visualized, providing a graphical representation of
the connections between brain regions.

A. COUPLING STRENGTH DIFFERENCE

The results depicted in Figure 5 illustrate the differences
in coupling strength between three motor tasks across var-
ious periods of movement, with Figure 5a utilizing magni-
tude information and Figure 5b utilizing phase information.
In Figure 5a, it can be observed that in the alpha band, there is
a decrease in coupling strength during the preparation period
(1 to 3), reaching a minimum at the onset of movement (4).
However, a significant increase is observed at the initiation
of the grasp (6) and during the grasp-holding period (8).
On the other hand, it showed a gradual increase in the beta
band. While the overall difference between the two motor
tasks is small, some discrepancies can be seen in the alpha
band, particularly at the onset of grasping (6) and during the
grasp-holding period (8), as highlighted in Figure 5b.

For both amplitude and phase coupling strength, a signifi-
cantly larger differences were observed between the rest state
and the two motor tasks during various periods of movement,
compared to the differences between the two motor tasks. The
coupling strength differences between rest and motion states
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FIGURE 5. Difference in coupling strength between three motor tasks
across various periods of movement.

showed an increasing trend during the preparation periods
(1~3) and reached their peak at the onset of movement or
grasping (4~6). During the grasping holding period (8), the
differences decreased, and they increased again during the
end of movement, eventually stabilizing. In addition, in terms
of amplitude coupling strength, the difference between the
rest state and the two motor tasks was higher in the beta
band compared to the alpha band at most motor periods. Con-
versely, in phase coupling strength, the difference between
the rest state and the two motor tasks was higher in the alpha
band compared to the beta band in most motor periods.
Figure 6 illustrates the coupling strength differences
between three tasks across ten brain regions, where Figure 6a
utilizes amplitude information and Figure 6b utilizes phase
information. It can be seen from Figure 6a that the differences
between the two grasp tasks were higher in the alpha band
than in the beta band in most brain regions. Within the alpha
band, the differences between the grasp tasks were primarily
observed in the occipital region (O), right parietal region
(RP), left parietal region (LP) and left central region (LC).
While within the beta band, there were more significant in the
left parietal region (LP) and frontal region (F). Furthermore,
as shown in Figure 6b, it can be seen that the differences
between grasping tasks were mainly observed in the occipital
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FIGURE 6. Differences in coupling strength across ten brain regions
between three tasks.

region (O), parietal region (P) and right frontal region (RF) in
the alpha band. In turn, more pronounced were found in the
central and right side of the central region (MC, RC) and the
left and right side of the parietal region (LP, RP) in the beta
band.

In different brain regions, the coupling strength differences
between the rest state and both motor states were significantly
larger than those between the two motor states. As observed
in Figure 9a, in the alpha band, the differences between the
rest state and the motor state were notably pronounced in the
frontal (F), left parietal (LP) and left central (LC) regions.
In contrast, in the beta band, it is the left and middle central
regions (LC, MC), parietal regions (P) and occipital regions
(O) that show more significant variability. Whereas there
were more significant differences in the beta band for the left
and middle of the central region (LC, MC) and the left and
right side of the parietal region (LP, RP).

Figure 7 illustrates the differences in coupling strength
between five motor periods within the three tasks, where the
magnitude information is used in Figure 7a and the phase
information is used in Figure 7b. Both in terms of amplitude
and phase, the coupling strength differences between the
different movement periods of the rest state were more stable
and noticeably smaller compared to the two movement states.
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FIGURE 7. Difference in coupling strength between five motor periods.

As depicted in Figure 7a, the largest difference occurred
between palmar grasp onset and hold, evident in both alpha
and beta band. Whereas between onset of movement and
grasp was the smallest, specifically in the beta band. As seen
in Figure 7b, significant differences were observed between
the preparation period and other moments in both move-
ment states, surpassing the differences between movement
moments within the alpha band. Meanwhile, the coupling
differences between the onset of movement and the holding
period, as well as between the onset of grasp and the holding
period, exhibited significantly higher in the beta band com-
pared to in the alpha band.

B. BRAIN FUNCTION CONNECTIVITY NETWORK

The functional brain connectivity networks using amplitude
information, for the different movement periods of the three
states are illustrated in Figure 8, with Figure 8a representing
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FIGURE 8. Brain functional connectivity network using amplitude
information.

the alpha band and Figure 8b representing the beta band.
It can be seen from Figure 8a that, in the alpha band, the
connectivity networks between occipital and parietal regions,
between occipital and central regions, as well as between the
central and right sides of occipital and frontal regions were
consistently observed. Throughout the entire movement, the
connectivity strength on the left side of the central region
remained at a low level. And the connectivity network, during
all periods of the rest state, was primarily located in the cen-
tral, parietal and occipital regions. After the onset of move-
ment, there was a persistent network of connections between
the left and right sides of the frontal regions. Compared with
the rest state, the network connection between the left side
of the central region and the occipital region weakened dur-
ing the preparation periods of movement. At the initiation of
movement, the connectivity network between the left side of
the central region and the occipital region, the right side of the
central region and the left side of the parietal region, further
weakened, while the counterpart between the right side of the
frontal region and the middle of the central region, as well
as the left side of the frontal region and the left side of the
parietal region, strengthened. Notably, at the onset of grasp,
the connections between the left side of the central region and
the occipital region, the right side of the frontal region and the
left side of the parietal region, and the left side of the frontal
region and the middle of the parietal region were strength-
ened, whereas between the right side of the central region and
the middle of the parietal region weakened. At the same time,
no connections were observed between the different brain
regions in the central region. Remarkably, the connections
between the left side of the frontal region and the left and
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middle of the central region, as well as between the middle of
the frontal region and the right side of the central region were
specific to palmar grasp, whereas between the left side of the
parietal region and the left and middle of the frontal region
were specific to lateral grasp. During the hold period of grasp,
the connection between the right side of the central region and
the middle of the parietal region was enhanced. In addition,
the strength of the connections in the frontal region decreased,
while the strength of the connections in the parietal region
increased. At the end of the movement, there was an enhanced
connection between the left side of the central region and the
left side of the parietal region.

As depicted in Figure 8b, in the beta band, the connection
strength was highest in the right side of the frontal region.
During the rest state (excluding the end of movement), there
were ongoing connectivity networks within the central region
and between the left side of the frontal region and the occipital
region. In comparison to the rest state, during the preparation
period of movement, the connectivity strength of the left side
of the central region begins to decrease. At the onset of move-
ment, the strength of functional connections in the left side
of the central region and in the occipital region decreased.
Additionally, the connectivity between the left side of the
central region and the middle of the central region, as well
as between the left side of the central region and the left side
of the occipital region, weakened. However, the functional
connections on the left side of the central region increased at
the onset of grasp. Specifically, the connection between the
left side of the central region and the left side of the parietal
region was enhanced for palmar grasp compared with lateral
grasp. There was a decrease of connectivity in the parietal
region during the hold of grasp. At the end of the movement,
there is a disappearance of the connectivity network between
the middle part of the central region and the middle part of
the parietal region.

Figure 9 illustrates the brain functional connectivity net-
work based on the phase information for the different motor
periods of the three tasks, where Figure 9a shows the alpha
band and Figure 9b shows the beta band. As seen in Figure 9a,
in the alpha band, it could be consistently observed that
the network connections between the middle frontal region
and the left side of the central region, between the middle
frontal region and the left side of the parietal region, as well
as between the occipital region and the left side and right
side of the central region during the resting state. The con-
nections between the left side of the frontal region and the
right side of the parietal region could be observed throughout
the motor status. Following the initiation of movement, the
connections between the left side of the frontal region and
the left side of the parietal region remained present. With
respect to the rest state, the network connections between
the left side of the central region and the occipital region
weakened during the movement preparation period. The con-
nection strength on the left side of the central region was
enhanced at the onset of movement. Nevertheless, at the onset
of grasp, there is a weakening of the connection between
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FIGURE 9. Brain functional connectivity network using phase information.

the right side of the central region and the occipital region.
It is of interest that the strength of connections in the central
region was significantly higher for palmer grasp compared
to lateral grasp. During the grasp-hold period, the connection
between the right side of the frontal region and the left side
of the central region weakened, while between the middle
of the frontal region and the middle of the occipital region
strengthened. At this period, compared to palmer grasp, there
was significantly higher connection strength in each brain
region for lateral grasp. At the end of the movement, the
connection between the right side of the frontal region and
the left side of the central region strengthened.

In Figure 9b, it can be observed that in the beta band, there
were consistently existing connections between the middle
frontal region and the middle parietal region, as well as
between the middle central region and the middle and right
side of the parietal region at the rest state. In comparison
with the rest state, the strength of the network connections
on the left side of the frontal region was enhanced during the
movement preparation period. At the onset of movement, the
strength of the connection on the left side of the central region
weakened. The connection between the right side of the cen-
tral region and the left side of the parietal region weakened at
the initiation of the grasp, along with a decrease in its connec-
tivity strength. Meanwhile, the connection between the right
side of the central region and the middle of the parietal region
weakened for palmar grasp, while the connection between
the left side of the parietal region and the occipital region
weakened for lateral grasp. During the grasp-hold period, the
connection between the left side of the central region and the
occipital region weakened. At the end of the movement, the
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connection between the left side of the central region and the
occipital region strengthened.

V. DISCUSSION

In this paper, the brain functional connectivity of EEG dur-
ing the movement state was investigated using the TFCMI.
It was observed that the alpha (8-13 Hz) and beta (20-
30 Hz) bands were closely associated with the motor and
cognitive behavior of the subjects, which is consistent with
previous research [43]. Compared to the rest state, the net-
work connections between the central and parietal regions
were significantly weaker in the alpha band during the move-
ment preparation period, particularly in the left side of the
brain. Conversely, in the beta band, the network connections
between the left side of the parietal region and the left side
of the frontal region, as well as between the left side of
the parietal region and the right side of the central region,
were enhanced. This enhancement can be attributed to the
subjects being instructed to focus on the grasping target
during the motor preparation period, thus creating an external
visual stimulus. It has been previously shown that the default
mode network is activated in the absence of external stim-
uli [38], [39], whereas when subjects direct their attention to
external stimuli, the default mode network is inhibited, and
the Central-Execution-Network (CEN) becomes active [44].
Moreover, the increased coupling strength and network con-
nectivity between frontal region and other brain regions in
the beta band, in the presence of visual stimuli, may indicate
effective communication during visual processing [45].

By analyzing the functional brain connections during grasp
tasks, our research reveals that the information transfer pro-
cess in the brain relies on dynamic changes in the functional
connections between brain regions. At the onset of the move-
ment, the strength and number of network connections were
significantly lower in the left-brain region compared to the
right region. This apparent lateralization effect is consis-
tent with the findings of previous studies on Event-Related-
(De)Synchronization (ERDS) [46]. This lateralization effect
aligns with previous studies on ERDS [46]. In the alpha
band, the connection between the left and right side of the
frontal region which used amplitude information, as well as
between the left side of the frontal region and the right side of
the parietal region using phase information, was consistently
observed. In the beta band, it could be consistently observed
that the connection between the central frontal region and the
right side of the parietal region. These findings are attributed
to the increased emphasis on the motor task at the onset of the
movement, relative to visual stimuli during the preparation
period, leading to the suppression of default mode network
and activation of the central executive network to perform
the grasp task. Throughout the entire movement, the frontal
region remained active, highlighting its involvement in visual
processing. The connections in the central region were more
active during palmar grasp, whereas the connections in the
parietal region were more active during lateral grasp. This
suggests that both central and parietal regions contribute to
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motor activity of the limbs, while the parietal region has a
more refined control over limb movements. Furthermore, the
strength of the connections between brain regions underwent
dynamic of change throughout the movement, either strength-
ening or weakening. This demonstrates that the activation
mechanism of the target brain region can be achieved not
only by enhancing network connectivity, but also by reducing
network connectivity.

It should be noted that the brain functional connectivity
network investigated in this study is non-directional. Con-
sequently, the causal relationship of network connections
between brain regions throughout the entire motor process
cannot be determined. Furthermore, there is no strict time
requirement for the completion time of each motor period
by the subjects in the dataset. Only sensors were used for
calibration, resulting in some errors in dividing the motor
period, which may have an impact on the analysis of the brain
functional connection network during the motor task.

VI. CONCLUSION

In this study, the dynamic changes of the brain functional
connectivity during grasp tasks were investigated using the
TFCMI. Our findings revealed that the brain information
transfer mechanism occurs through the reorganization of
the brain functional connectivity. By incorporating attention
and cognitive processes into the analysis of motor prepara-
tion, the dynamic changes of brain functional connectivity
throughout the motor process were made more coherent
and reasonable. There is a lateralization effect of the brain
functional connectivity network at the onset of movement,
which was associated with the hand used for motor exe-
cution (left or right). Compared to the default connectivity
network observed during the rest state, clear evidence of
reorganization in the brain functional connectivity network
was observed throughout the movement. Notably, the reor-
ganization processes exhibited significant differences across
three movement tasks. These results provide valuable insights
into the information exchange process between brain regions
in real-motion scenarios. They also offer a theoretical foun-
dation for the control of intelligent assistive devices using
real-motion-related EEG signals, as well as new perspectives
for the development and application of Brain-Computer-
Interface (BCI) intelligent assistive devices.
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